A [14C]~glucose tracer infusion method was used to compare the effects of insulin infusion on glucose metabolism with the effects of infusion of three semisynthetic modified insulins and of proinsu= lin. Insulin produced hypoglycaemia in the anaesthetised dog by decreasing hepatic glucose production and increasing peripheral glucose utilisation. Compensatory antihypoglycaemic mechanisms eventually modified these responses. A1, Be9-Diacetyl insulin exerted an hypoglycaemic effect entirely by stimulation of peripheral glucose uptake. A1-B29 crosslinked insulins and proinsulin produced hypoglycaemia almost entirely by decreasing hepatic glucose production and had little effect on tissue uptake. These observations suggest that insulin analogues may have actions in vivo that are qualitatively different from those of native insulin and suggest that certain analogues have a predominant action on the liver. This has important therapeutic implications concerning the development of semisynthetic insulins for clinical use.
Studies by Brandenburg et al. [1] and Freychet et al. [2] have suggested that reduced hormonal activity of chemically modified insulins may be associated with conformational changes occurring at a molecular site which interacts with the insulin receptor [3] . Using structural analogues of insulin whose metabolism [4] and biological activity [1, 2] have been studied, we have investigated the possibility that distinct physiological activities may be modified to differing extents by such changes. One of the major actions of insulin is to reduce blood glucose concentration by affecting both glucose utilisation in peripheral tissues and glucose production by the liver [5, 6, 7, 8] . These two hypoglycaemic effects of insulin can be distinguished using an isotopic glucose turnover technique [9] . Experiments were performed in dogs to determine whether a series of chemically modified insulins and insulin itself produced hypoglycaemia by the same or by different mechanisms. Insulin action was compared with that of proinsulin and three insulin analogues modified at Al-glycine and Bz9-1ysine.
Materials and Methods

Animals
Twenty-nine experiments were performed on ten normal greyhounds of between 28 and 35 kg body weight. Dogs were fed once daily and tested after an 18 h fast. They were anaesthetised with 30 mg/kg pentobarbitone; their temperatures were kept constant by a warming pad and they were artificially ventilated to a constant end tidal carbon dioxide concentration of 4-5%. A total of 230 ml blood per experiment was sampled from a jugular vein. This represents less than 10% of blood volume.
[~ 4 C]-Glucose Turnover Technique
[14C]-glucose infusion was used to estimate glucose turnover by the method of Steele et al. [9] . In all but two experiments (in which uniformly labelled glucose was used) D-[1-x4C]-glucose (Radiochemical Centre, Amersham, UK) was used as the tracer to allow estimation of recycling of glucose by the method of Dunn et al. [10] . The tracer was diluted in 0.154 mmol/1 saline (containing 5 g/1 glucose carrier) to a radioactive concentration of 2.5 ~Cl/ml (glucose concentration 0.3 mmol/l). A priming dose of 10 ~tCi, followed by a constant infusion of 0.11 ~Ci/min was administered via a saphenous vein. Sixty minutes were allowed for equilibration of the radioactive glucose with the body glucose pool [5] before sampling was begun.
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Insulin and Analogue Infusions
Four 'control' experiments were performed to assess possible effects of anaesthesia. The tracer infusion was continued for four and a half hours without instflin or analogue and blood samples were collected at ten minute intervals. Beef insulin was administered to six dogs by a priming-dose constant infusion technique [4] ; the protocol is shown in Figure 1 . Using a stepped infusion over four thirty min periods (designated II-V), four steady-state serum insulin concentrations (spanning the normal physiological range) were achieved. Similar studies were performed using equimolar infusion rates of (a) porcine proinsulin (Novo Company) (b) AI, B29-diacetyl insulin, (c) A1-B29 crosslinked dodecoyl insulin and (d) A1-B29 crosslinked oxalyl insulin [4] . Plasma glucose concentration was allowed to fall unchecked.
Blood Sampling and Processing. Samples were taken during a thirty rain basal period before insulin or analogue infusion (period I) and for sixty min after the end of the ifffusion (period VI). Serum insulin and analogue concentrations were measured by'double-antibody radioimmunoassay [4] '. Beef insulin (lot B7300 prepared by Dr D Brandenburg) was used for infusion and as standard in the radioimmunoassay. The analogues were modifications of this preparation, and standards were prepared for the assay of each analogue. The antiserum used was a guinea-pig anti-insulin serum prepared in this laboratory. The insulin analogues all cross-reacted with this antibody producing parallel molar dose-response curves.
Measurement
Expired air was collected into Douglas Bags over five minute periods and the volumes were measured. The carbon dioxide concentration in the bag was measured directly using an infra-red capnograph. Carbon dioxide (1 mmol) was trapped in a vial containing 1 mmol of hyamine hydroxide, scintillant was added and the sample counted. Quench corrections were made using the external standard ratio method. Expired 14Carbon dioxide over each thirty minute period was calculated as dpm/min and expressed % infused (14C)-glucose. No measurements were made in five experiments.
Calculations
Rates of appearance (Ra) and disappearance (Rd) of glucose were calculated over thirty min periods by the method of Steele et al. [9, 12] . In order to perform calculations in the non-steady state, the glucose distribution space was taken as 20% body weight [12] and the rapidly equilibrating pool fraction was assumed to be 0.65 [12, 13] . Metabolic clearance rate (MCR) was calculated by standard techniques as described previously [14] .
Statistics
Means, SD and SEM were calculated for each group of experiments at each time interval. Statistical significance was tested by Student's 't' test using either the paired test for within group comparisons or the unpaired test for comparison between analogues.
Experiments On Conscious Dogs 9
Animals were normally anaesthetised because of practical difficulties in restraining them for a 5 h period and because measurement of COe output would have been impossible in the conscious animal. However, in order to investigate the effects of barbiturate anaesthesia, beef insulin infusions were performed on three conscious dogs restrained in a harness. These animals were allowed free access to water. In these experiments glucose turnover was studied using a primed infusion of D-[2-3H] glucose into one saphenous vein [15, 16] . Samples were taken from the other saphenous vein, the plasma was deproteinised and lyophilised to remove the tritiated water formed as the only metabolite, seintillant was added and the vials counted.
Results
Figure l shows mean results from insulin infusion in six anaesthetised greyhounds. The infusion produced four steady-state insulin concentrations ranging from 0.12 + 0.01 to 1.36 _+ 0.07 nmol/l (mean _+ SEM). At similar infusion rates, higher concentrations of proinsulin and the analogues were obtained due to their slower metabolism [4] , these results are given in Table 1 . Both plasma glucose and [laC]-glucose concentrations fell progressively in response to the insulin infusion. Figure 1 demonstrates that in period II insulin lowered plasma glucose concentration more markedly than [t4C]-glucose concentration indicating that the earliest detectable effect of insulin was inhibition of glucose production (Ra) by the liver. When the insulin infusion ceased, plasma glucose began to rise immediately whereas [~4C]-glucose ceased to fall but did not rise for forty minutes indicating rapid release of unlabelled glucose by the liver. 
Control Experiments
Recycling of Glucose
A mean value of 9% of the [~4C] infused was recycled. This value was constant over the time course of the experiment and unaltered by insulin or analogue infusion. Since measurement of recycling was susceptible to considerable errors due to low count rates, results presented here have not been corrected. Figure 3 shows mean (+ SEM) rates of appearance (Ra), disappearance (Rd) and Figure 5 , metabolic clearance rates (MCR) of glucose in each experimental group. Insulin results are shown at top left. In the steady state (Basal period I) Ra and Rd were equal at 11.4 + 0.5 ~tmol/min/kg. The initial effect of insulin was to cause a 16% fall in Ra, which was statistically significant (p < 0.05; paired 't' test), but no significant change in Rd. At higher insulin concentrations (periods III, IV) the depression in Ra was maintained and accompanied by a Progressive stimulation of peripheral utilisation (Rd) to reach a maximum of 131% of its basal value in period IV. By period V plasma glucose concentration had faller~ to hypoglycaemic values and there was no further rise in Rd. When insulin infusion ceased (period VI) antihypoglycaemic mechanisms produced an immediate, large rise in Ra which reached a maximum of 213% of its basal value; Rd fell initially before rising in parallel with the rise in plasma glucose concentrations. Figure  5 demonstrates the 3.5 fold stimulation of glucose MCR by insulin (p < 0.01 periods II and III; p < 0.001 periods IV and V). Figure 4 demonstrates that similar degrees of hypoglycaemia were achieved during insulin, diacetyl insulin and dodecoyl insulin experiments. However, equimolar infusions of oxalyl insulin and proinsulin produced a much smaller hypoglycaemic effect.
Effects of Insulin on Glucose Turnover
Effect of Insulin Analogues on Glucose Turnover
(a) Diacetyl Insulin. Diacetyl insulin caused no change in glucose Ra (Fig. 3) . Hypoglycaemia was produced by a progressive stimulation of peripheral utilisation (Rd) up to 157% of its basal value (Rd was greater than in control experiments in all infusion periods, p < 0.05 -< 0.001). A rise in Ra (to 197% of its basal value) was again seen when the infusion was stopped. As with insulin the increase in Rd is further reflected in the four fold rise in MCR (Fig. 5) .
(b) Crosslinked Analogues and Proinsulin. All three crosslinked peptides produced an initial fall in Ra (see Fig. 3 ) which was greater than at an equivalent time during control experiments (dodecoyl 16% fall from basal p < 0.01; proinsulin 13% fall from basal p < 0.05; oxalyl 8% fall from basal p < 0.1 > 0.05).
Further depressions in Ra were produced as the serum concentration of crosslinked analogues and proinsulin increased. These were highly significant when related to baseline values in the case of dodecoyl insulin (periods II, III p < 0.001, IV p < 0.05; paired 't' test) and reached a maximum decrease of 59% of basal values in period V. There was little response of peripheral glucose uptake. Rd did not rise above baseline values until period IV. A small rise in Rd was seen in all three peptide groups in period V (dodecoyl p < 0.1 > 0.05; oxalyl p < 0.05; proinsulin p < 0.01 compared with basal values). This minor effect of the crosslinked peptides on Rd is further emphasised by the greatly reduced effect of these materials on MCR (Fig. 5) .
When the analogue infusions were stopped Ra rose. However, the rise was much less marked than that seen after the insulin infusion.
The shaded areas in Figure 3 represent the development of hypoglycaemia (Rd was greater than Ra) and the unshaded areas the return to normoglycaemia (Ra was greater than Rd). It appeared that diacetyl insulin promoted hypoglycaemia mainly by increasing peripheral glucose utilisation (shading mainly above baseline) in contrast to dodecoyl insulin which caused the same degree of hypoglycaemia (Fig. 4) by preferentially decreasing production of glucose (shading mainly below baseline). Insulin exerted a combined effect. Oxalyl insulin and proinsulin appeared to behave more like dodecoyl insulin.
Carbon Dioxide Production Figure 6 shows that a steady rise in percentage 14CO2 production occurred in all groups including controls. Insulin and diacetyl insulin stimulated a significantly greater 14CO2 production than occurred in control experiments in periods IV, V (p < 0.05) and VI (p < 0.001) (insulin) and in periods V and VI (p < 0.05) (diacetyl insulin). No other responses could be distinguished by statistical analysis from the control experiments.
Insulin Infusions in Conscious Dogs
The insulin infusions into conscious dogs produced four satisfactory steady state insulin concentrations. Plasma glucose responses (Fig. 4) were similar to the responses in anaesthetised dogs except that the plasma glucose returned more rapidly to fasting concentrations when the insulin infusion ceased. The effects of insulin were similar in conscious and anaesthetised dogs. There was a tendency for Ra to be inhibited more completely in the conscious animals in the early part of the experiment. Anti-hypoglycaemic responses stimulated Ra to return to baseline values during the highest rate of insulin infusion (period V). This was associated with a more rapid increase in Ra and consequently a more rapid rebound in plasma glucose concentration towards baseline values when the insulin infusion was stopped.
Discussion
Tracer techniques have been widely used to investigate the mechanism by which insulin influences plasma glucose levels. In the fasting animal glucose concentration is a function of glucose entry into plasma from the liver and its removal from the plasma by peripheral tissues [7] . This was demonstrated using hepatic vein catheterization by Madison et al. [17] and more recently by Harding et al. [18] . Steele [9, 12 ] described a tracer infusion method which allowed measurement of the glucose fluxes through these two pathways and also enabled these measurements to be made in the non-steady state without the need to insert catheters across the liver and other tissues. We have used this method to compare the effects of insulin with those of three semisynthetic analogues of insulin and of proinsulin. Results from the four control experiments suggest that glucose turnover progressively decreased over the course of the five hour experiment, probably due to the continuing prolonged fast [20] .
The influence of insulin and its analogues on 14CO2 production could be considered as a "tissue assay" in vivo. The time lag between tissue hormone action and 14CO2 production is attributed to the slow turnover times of the bicarbonate and triglyceride pools in the body [19] . Insulin increased a4CO2 production above "control" values from the start of its infusion as did diacetyl insulin at high serum concentrations. This demonstrates that these substances not only increased tissue uptake of glucose but also stimulated glucose oxidation by the tissues. No increased tissue metabolism was observed with the crosslinked analogues and proinsulin.
Insulin produced an initial reduction in hepatic glucose output (Ra). At higher insulin concentrations Ra remained low and hypoglycaemia was brought about by a combination of decreased glucose production and increased peripheral utilisation (Rd). Compensating mechanisms to combat hypoglycaemia later modified this pattern. Similar results have been reported by Issekutz et al. [21] in diabetic dogs and more recently by Brown et al. [22] in diabetic human subjects. These workers found that low insulin infusion rates affected only hepatic glucose production whereas at higher infusion rates both production and utilisation were affected. In our experiments, at the high insulin concentrations achieved in periods IV and V, hypoglycaemia was induced causing both a fall in Rd and a rise in Ra.
Experiments where hypoglycaemia was prevented by glucose infusion have shown that insulin progressively stimulated peripheral glucose uptake and lowered glucose production [5, 23] . Hypoglycaemia leads to the secretion of counter-regulatory hormones which are known to act by increasing glucose production (Ra), these include catecholamines [24] , glucagon [25] and growth hormone [26] . It has also been suggested that they may inhibit glucose uptake (Rd) directly [5, 27] .
The structural analogues of insulin studied in this paper appeared to fall into three patterns in terms of their effects on glucose metabolism. Diacetyl insulin (where the free amino groups at A1 und B29 are mod-ified by addition of acetyl groups) produced a similar degree of hypoglycaemia as insulin. It acted by increasing peripheral glucose utilisation in a manner that was indistinghishable from the native hormone.
Dodecoyl insulin (containing a crosslink between A 1 and B29), which also produced a similar amount of hypoglycaemia to insulin, seemed to act preferentially on the liver. It inhibited glucose production progressively but had little action on peripheral utilisation. Although stimulation of Rd in period V was very small, the slight rise in MCR, that is the maintainance of Rd during a period of falling plasma glucose concentration, indicates some peripheral insulin-like effect. The relatively greater effect of this analogue on Ra than Rd could contribute to the discrepancy in its biological potency measured in vivo and in vitro (16% vs 7% that of insulin) [4] . If its primary action was on the liver it would be expected to be less potent when tested in the isolated fat cell. Binding studies with dodecoyl insulin do not suggest a higher affinity for the hepatic insulin receptors [4] so such primacy in vivo would depend on differences of local distribution and/or metabolism, or possibly on differences in post-receptor events.
The responses to proinsulin (containing a peptide chain linking A 1 and B30 ) and oxalyl insulin (crosslinked between A1 and B29 ) are less well defined. They appeared to exert more effect on Ra than Rd in a similar manner to dodecoyl insulin. However, if comparisons are made at similar levels of hypoglycaemia (ie high analogue and low insulin concentrations) then oxalyl insulin and proinsulin stimulate Rd and inhibit Ra in a manner very similar to insulin.
The observation that specific chemical modification of the insulin molecule can result in qualitative differences in the biological effect in the intact animal is of importance. It suggests the possibility that different tissues have subtle differences in their specificities for the insulin molecule. In vivo not only the binding affinity and capacity of cell surface receptors but also differences in distribution and metabolism will influence the effectiveness of an insulin analogue on a particular tissue. The materials studied so far are metabolised more slowly than insulin [4] and therefore higher serum concentrations (and probably tissue concentrations) occur at comparable doses. The ratio of receptor and degrading activities for insulin varies in different tissues. Liver, fat and muscle are all sensitive to insulin, but hepatic degradation is more rapid than in the peripheral tissues. An analogue protected to some extent from degradation by liver enzymes may remain longer at the cell surface and produce a proportionally greater action. That this could apply to A1-B29 crosslinked insulins is supported by the observation that these materials have low susceptibility to the enzyme glutathioneinsulin transhydrogenase [28] .
Chemically modified insulins may be important not only in the investigation of the action and metabolism of insulin, but also in the treatment of diabetes. Endogenous insulin enters the portal circulation and proceeds directly to the liver whereas insulin used therapeutically is of necessity administered systemically. It is possible that a suitable chemically modified insulin could be developed which because of its proportionally greater central hepatic action would when peripherally administered act in a more physiological manner than insulin itself.
